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SUMMARY

Glills

Detailed methods are presented for determining the
corrections to results from wind-tunnel tests of three-
dlmenslonal models for the effects of the model-support
system, the nonuniform air flow in the tunnel, and the
tunnel walls or jet boundaries. The procedures for
determining the corrections are illustrated by equations
and the required tests are discussed. Particular atten-
tion is given to the parts of the procedures dealing with
drag measurement~. Two general methods that are used
for determining and applying the corrections to force
tests are discussed. Some discussion is also included
of the correction procedures to be used for wake survey
tests. The methods described in this report apply only
to tests at subcritical speeds.

INTRODUCTION

The purpose of the present report 1s to discuss
methods for determining the air-flow conditions in wind
tunnels designed for the testing of three-dimensimal
models and to indicate the procedure for applying the
necessary corrections to the measured aerodynamic char-
acteristics of the model. The various factors that
affect the applicability of wind-tunnel tests to flight
have been studied for many years. (S88 references and
bibliography.) Recently, with the development of
cleaner airplanes operating at high lift coefficients
and of large high-speed low-turbulence wind tunnels,
the problem of determining the corrections to the
required degree of accuracy has become increasingly
acute.
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The usual practice of predicting the flying qualities
of airplanes from wind-tunnel tests of relatively small-9 soale models makes It imperative that the model test
results be corrected to free-air condltlqns. In addition,
the large number of wind tunnels in use makes it desirable
that a more or less standard calibration and correction
procedure be adopted in order to make data from different
tunnels as nearly comparable as possible. Not much com-
prehensive Information has been publ~.shedpreviously on
the subject af wind-tunnel calibration and correction
methods. The dlscusglon contalr.edin reference 1 is
probably the best information to date. A discussion is
given in the present report of the methods in use at the
present time for calibrating a wind tunnel and determining
the corrections to 3E applled to the measured model data.
Some refinements to the usual procedures are suggested
with special attent!on to those parts of the prmcedure
that eff’ectthe &rag measurements. The use of large
madels In order to more nearly approach the Reynolds
numbers abtalned in flight has increased the magnitude
and thus the importar.ceof the jet-boundary corrections.
A detailed discuss!sn of jet-boundary corrections is
not given herein, however, because thi~ subject, except
for the effects of compressibility, has been treated
rather thoroughly In previous ~ublications.
ences 2 to 12.)

(See refer-

All the follawlng dtscus.~lonapplies only to tests
made at subcritical speeds and for arrangements giving
fairly low restriction effects. The discussion is also
limtted to three-dimensional-modeltefts, The procedures
described comprise only the part of the tunnel-testing
technique concnrned with detemnining the corrections to
the model data necessitated by the differences between
the air-flow conditions in the tunnel and those in an
unllmited unlfarm alr stream with the same Reynolds
number, Wach number, turbulence, and other factors.
For purposes of simplicity, only three components - lift,
drag, and pitching moment - are-considered in mcst of
the discussion. Corrections to the other three components
may be derived by procedures similar to those given herein.
During the conversion of the data to final form, it will
usually be necessary to apply some corrections for the
deflections of the balance system and to transfer the
forc~s and nw?w?ntsto other sets of axes but, since these
corrections are eesantially geometric and not aerodynamic
Froblens, they are not dealt with In this report.
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ltft coefficient

f4e6tionlift coefficient

lift

section.lift

drag coefficient

profile-drdg coefficient

section profile-drag coefficient

drag

section drag

resultant-force coef’flci~nt

~itching-moment coefficient

rolllnp-moment coefficient

yawing-moment coefficient

lateral-force coefficient

drag correction at zero lift

compresstbllity f’actor

total.pressure

Mach number

gas constant

cross-sectional area of body

cros~-sectional area of te~t section of tlmnel

free-stream veloclty

volume of body
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effective volume of body for static-pressure-
gradlent corrections (denoted by Al in
references 2 and 3)

whg area

wing span

wlr,pchord

spanwise distance from center of tunnel

anple of Incidence of horizontal tail surface

absolute sta~nation temperature at low-speed
section of tunnel

absolute temperature at test section of tunnel

static-orifice pressure difference

static pressure

angle of attack

angle used h derivation of alinem.ent-angle

(

-1

$

%~
correction p = tan ~

ratio of specific h9at actconstant pressure to
specific heat at constant volume

alinenent an~le, degrees (angle between alr-
stream direction and drag axis of balance .
system)

change In alinement angle

ratio of increment of dynamic pressure to clear-
tunnel dynamic pre~eure
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In-allnement-angle’equation’s: “‘ ““” ‘- .
--... .-

s scale reading

E erect-model test

I Inverted-model test

av average

w welphted accordlnp to span-load distribution

In tare equations:

1 test of model

2 test of model
in place

3 test of r~del

M mode1

T tare ~uppart

D dl~,y WIFPOrt

on tare support

on tare support with dummy support

on namal support

N normal support

I interference

Combinations of these conditions (MT, MD, etc.) are also
used as subscripts in the tare equations.

The NACA standard system of wind axes is used for
all equations.

GETU?RALDISCUSSION

Basic Corrections Necessary

Before the results of wind-tunnel tests on a model
can be used to predict the flying quallties of an air-
plane, corrections to the measured aerodynamic character-
istics must be determined to account for the effects of
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the model-suppart system, the nonuniform air-flow condi-
tions in the tunnel, and the tunnel walls or jet bounda- 1
ries. .

Tares.- The corrections for the effects of the
model-support system are usually determined in the form
of Increments of forces and moments or the corresponding
coefficients and are called tares. The tares are com-
posed of the direct afr forces on the support system
plus the mutual interference between the support system
and the model. It could be expected, therefore, that
the tares would be greatly dependent on the ~lze and
shape of supports, the configuration of the model, and
the point of attachment of the supports to the model.
The relati-~elygreat effect of the model configuration
on the tares Is illustrated in figure 1, which pr~sents
some tare values measured In the Langley 7- by 10-foot
tunnel for two different models under several te~t con-
ditions.

Because ~f their dependence upon the support and
model configuration, tiie tares should be determined
experimentally for each model. The tare tests should
be made with the complete model Including tail surfaces.
This condition is necessary because the tail of the
model may paps into or out of a region of reduced
velocity behind the support struts as the model is
pitched or yawed and may thus affect the pitching
moments and yawing moments. The tares should be deter-
mined for all test conditions to be encountered, such
as the conditions with the flap neutral and deflected,
with the model yawed, with several power conditions,
and with any m~del modification that mi~ht affect the
tares. This requirement is particularly important when
accurate drag measurements are desired because, as indi-
cated in figure 1, the drag tares may often be greater
than the drag of the airfoil.

Nonuniform air-flow conditions.- The nonuniforml-
ti.esin the air strGam may be thou~ht of as belonging
in the three following categories:

(1) A change In the average airspeed along the
longitudinal axis of the tunnel

_. .

(2) A variation in airspeed over a plane perpen-
dicular to the longitudinal axis

.
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(3) A Varlatlon in the air-flow angle In the
3 region occupied by the model

[“
Thq_c@nge in the average airspeed along the.-

‘fiisof the tunnel is caused by any actual or effec-
tive convergence or divergence of the air stream.
This change in velocity along the axis of the tutiel
causes a variation in the static pressure and a correc-
tion must be applied to the drag to account for the
buoyancy effect of any such static-pressure gradient.
For an open-throat tunnel the possibility of having a
diverging or converging air stream Is obvious. For a

I
closed-throat tunnel the formation of a boundary layer.

I
along the walls of the test section changes the effec-

: tlve shape of the tunnel. Closed-throat tunnels are
usually designed with a slightly divergent test eection
to counteract this effect but in any case the static-
pressure gradient must be measured. The tunnel leakage
conditions can have a very marked effect on the static-
pressure gradient (references2 and 3) because a leak
in the tunnel changes its effective shape. All holes in
the tunnel walls of the test section should therefore
be sealed. If sealin~ 1s not possible, the amount of
leakage should be maintained as nearly constant as pos-
sible.

The airspeed generally varies slightly from point
to point in a plane perpendicular to the tunnel axis.
The usual procedure for correcting the test results for
this variation in velocity is to use the average value
of the dynamic pressure over the space occupied by the
model in computing the model coefficients.

1.

\

,

,

The deviation of the direction of the alr velocity
from the drag axis of the balance system over the
region occupied by the model has a considerable effect
on the measured model characteristics, particularly on
the drag. Lift and drag are defined as the forces
parallel and perpendicular, respectively, to the air-
stream direction. If the average alinement angle c is
not zero, the lift and drag forces measured by t~e
balance system will not be the true lift and drag as
may easily be seen from the following derivation:

}. ——. -—
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Inasmuch as c is a small angle, Cos c m 1.0 anti

sin E = h“ Therefore,

CL = CR COS ~ -

= Cr,s - &

SImllarly,

(u

(2)

This der:vatiorima~ be applied to either the erect-model
~r inverted-model condition as Indicated in figure 2,

Because tYe alfnement angle is small and becaupe the
lift is Fenerally many times greater than the drag, the +
llf’tis not apprec?.ablyaffected by the alinement angle
a~d is constdere5 correct as read, insofar as the aline-
ment aaqle !s conccrmed. The dra~, however, IS appre-
ciably affected and a correction must be applied as is
ex~lained in detail in the section entitled “Alinement-
An.gl.eCorrections.~’ The angle of attack must alsa be
corrected by the anount of tho average alinement angle
and, if’there i~ a dfff’~rencejn the measured ~~fnement
angle at ths win~ and at the uEual location of the tail
9urfaces, a correct~on to the model trim (pitching-
moment) ccndition must be made.

Jet-boundary corrections.- The tunnel walls, or
jet boundaries, place certain restrictions on the air
flow around the model and thus cause a change in the
direction and c~mvature of the air stream aiida change
in tke airspeed at the model. The amount of the
re~trfcti~n f~, of cours~, dependent on the ~ros~-

sectional shape af the tunnel, the model configuration,
the relative s:zes of the model and the tunnel, and the
positlan and attitude of the model in the tunnel. For

—.- . ..- .—
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a closed-throat tunnel the effect of the tunnel walls is
generally to limit the downwash around the model and
thus to cause an effective upward deflection and an
upward curvature of the air stream. A displacement
blocking occurs because the rigid walls also prohibit
the expansion of the air stream as it passes around the
model and, as the afr ‘isconstrained to a smaller cross-
sectional area, the velocity correspondingly increases.
This Increase In the velocity is generally considered
separately. For an open-throat t~el a physical
interpretation of the jet-boundary effects may be
obtained by considering that the mass of moving air
which is affected by the model is not so large as the
mass which would be affected if the model were in an
unlimited air stream. The air stream thus undergoes a
greater deflection and curvature and a preater expansion
in passfng over the model than It would experience if It
were of infinite extent. The effect of the jet bounda-

‘hroat tunnel Is therefore generallyries for an open-).
of opposite sign from the effect of the tunnel walls
for a closed-throat tunnel.

The subject of jet-boundary interference has been
rather exten~lvely investigated for all types of wind
tUnn81s in common use. (‘3eereferences 2 to 13 and
biblloflraphy.) Wnce jet-boundary Interference Is
discussed adequately in many reports, any further dis-
cussion in this paper 1s deemed unnecessary. In
table I are listed the various reports from which
numerical values of the different corrections for a
number of model-tunnel arrangements may be obtained.
For those cares in which the same Information is repeated
in several reports, only one of the reports Is list~d.
Detailed illustrative examples of the methods of calcu-
lating jet-boundary corrections are given in references 9
and 10.

The information on blockhg corrections for sym-
metrical bodies presented In reference 2 Is a summary
of the best data available. A discussion of the use of
the electric tank for determination of blocking correc-
tions for three-dimensionalnonliftlng bodies 1s given
in reference 14. An approximate rule for estimating
the blocking corrections for a lifting wing In closed-
throat tunnels is to multiply t e indicated dynamic

5pressure by the quantity 1 + ~ where A/A? is the

fraction of the cross-sectional area of the tunnel

.
—.- . . -— -- ——— .
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blocked off by the model. This simple empirical factor
was derived from the Xsults of unpublished tests to
determfne the blocki~ correction for the lift of two-
dimensional-flow models as well as from results of a
few tests to detezzdne the corrections for three-
dimensional wings. It should be noted that the data on
blocking corrections for symnetrlcal bodies given in
reference 2 indicate that the correction varies as the
square of the area blocked off,whereas the experimental
data on llftlng wlnas Indicate that the correction
varies linearly as the area blocked off. The numerical
values are roughly the same, however, for the usual
moderate-size models. The simple rule for estimating
the correction is fairly accurate for aerodynamically
clean bodfes such as plain wings. For bluff bodies or
bodies of any other form that creates a large wake,
such as a wing wZth a split flap, an additional correc-
tion due to the stat!c-pressure gradient generated hy
the wake should be made as outlined in reference 2.
This additional correction Is In good agreement with
the experhentally determined additional correction
obtained from the te~ts with ~pllt flaps deflected.

The calculations of reference 2 indicate that for
an open-throat tunnel the change in dynamic pressure
caused by blocking effect for an aerodynamically clean
body is of the opposite si~ and much smaller in magni-
tude than that for a closed-throat tunnel. The addi-
tional correction for the blocking effect caused by the
wake static-pressure gradient of a bluff body is essen-
tially zero In an open-throat tunnel.

Criterions of Similitude

The criterions of similitude that are of primary
importance to wf.nd-tunneltestin~ are the air-stream
turbulence, the Reynolds nuniber,and the Mach number.
It is rarely possible to satisfy these three criterions
simultaneously on the model-. The usual procedure is to
attew.ptt~ satisfy one or two.of the criterions
that would be expected to have the greatest effect for
the tests under consideration.

Turbulence is defined as a rapid variation In
velocity at a point with time. Although the qualitative
effects of turbulence are fairly well known, the theory
and data available are not sufficient to permit the
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determination of satisfactory corrections. For any tunnel,
however, the numerical value of the turbulence should be
WOwn in order to facilitate a.comparleon of the data with
data from other wind tunnels or from flight tests or to
study further the turbulence effects. The Reynolds number
and Mach number are also quantities for which no completely
satisfactory methods of correction have been devised.
For purposes of comparison with other data, their values
should be known, however, and ppeoified for all model
tests for which they are likely to have an effecti Beoause
the support system causes local changes in the air flow,
it may be desirable for some tests, In which Mach number
effects are especially critical, to specify not only the
average Mach nuu.iberof the air flow but also the local
Mach numbers near the supports.

Correction Methods

The successful application of corrections to wlnd-
tunnel data Is de endent on the t pe of tunnel used for
testing. i ITwo met ods are availab e for eneral use and

%0for convenience are designated kerein met dAandmethodB.
Method A, which is based on a clear-tunnel air-flowsurvey,
is more straightforward and Is believed to be moreaccurate
than method B, which is based on a eurvey with the model
support struts In place. The main emphasis of the discus
slon contained herein Is therefore placed on method A.
Method B is recommended onl for use in large o en tunnels

I EIn which mechanical difficu ties associated wit mounting
exact-image supports above the.model for tare and aline-
m.entestimations become excessive

Method A.- This method is based on an air-flow
survey with no model or supports in the tunnel (to be
called the clear-tunnel surve ) and the tares are deter-

1mined In such a way as to Inc ude all the effects caused
by the support struts or wires. The tares are ordinarily
the first corrections to be applied to the measured data.
If the tares are defined as the total effect of the
support system, their subtraction from the measured data
leaves the data In a condition representing the model
In the tunnel with no support system. The effect of the
dynamic-pressure change caused by the presence of the
supports having been accounted for, the dynamic pressure
to be used In computing the coefficients is that obtained
from the clear-tunnel air-flow survey. The next correc-
tions to be applied are the corrections to the angle of
attack and drag to account for the allnement angle and
the static-pressure gradient, also determined from the
clear-tunnel survey. The data are now corrected for the
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effects of the support system and the nonuniformitles
In the air stream. If the jet-boundary corrections are
applied along with the blocking corrections, the data
then represent the m~del in an unlimited uniform atr
stream. Although, properly speaking, the blocking cor-
rection is an effect caused by the presence of the
tunnel walls or jet boundaries, It Is most easily
applied in the second step simply as a correction to the
value of q used in computing the coefficients. One
variation from this procedure, wklch Is sometimes used,
is to apply the jet-boundary correctlon~ before the
tare corrections. The tares must then be corrected for
jet-boundary Interference. The difference in the
results from the two methsds will generally be negligfbh.
In this report the tares will be determined so that they
may be applied first.

Method B.- As”has been previously noted, method B
is based on an air-flow survey with the support struts
in place. The tares determined by use of this method
Include any effects of the support syst~m that hav~ not
been accounted for in the air-flow survey. If the basic
air-flow survey Is made with the supports In place, the
effect of the supports In causing chanpes in dynamic
pressure and air-flow angularity has been accounted for.
The tares for this system should then include anly the
air forces on the exposed parts of the support system
plus the effects of the madel on the supports. The
procedure for determining the tares by this method is
different Prom that of method A. After the tares have
been applied, the coefficients are computed with a
dynamic-pres~ure value for the supports in place. The
correction procedure from this point on is the same for
method B as for method A. .“

Wake-Shadow FXfects

Some additional effects that should be accounted
for In both c~rrectlon methads are those caused by the
‘twakeshadow. The wake shadow is defined as the loss
In total pressure and dynamic pressure and the possible
changes In air-flow angle, static pressure, and turbu-
lence that occur when the wake of the model is carried
around the return passages of the tunnel without being
diffused or dissipated. The change in q caused by the . “
wake is called wake blocklng. The effect of wake block-
ing on the model may be taken care of by applylng a
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correction to &e value of q used for computing the
coefficients.

At present no satisfactory method of measuring the
changes on air-flow angle and static-pressure gradient
caused by wake shadow hae been developed and tried
experimentally. If, therefore, any difficulties
resulting from wake shadow are found to exist In a wind
tunnel, the best procedure probably would be to.modify
the tunnel by adding ~creens or diffuser vanes in such
a way that the wake ehadow would be eliminated.

The wake shadow need not necessarily pass directly
over the model to cause large errors. For example, if
the wake in traveling around the return.passages is
deflected well below the mcdel, it wI1l pass near the
static orlficee (used to indicate the dynamic pressure)
on the floor of the tunnel. If’the static orlflce~
on the roof’and fl~or are not connected symmetrically,
the resultlnq alr flow through the connecting tubes
will then cive erroneous indications of the dynamic
pres~ure. It micht be noted that If the difference in
alr pressure between the orifices is large, the air flow
throuph the tubes may be turbulent ~.nsteadof laminar
and the !nt!lcated.dyz?amicpressure wI1l be erroneous
even thoupk the or~flce~ are connected symmetrically.

Incorrect desl~n of the guide vanes, the tunnel
propeller and nacelle, or the return passages may
result in very irre~lar or pu?sating air-flow condl-
tionso Zn pa~tlcul.tir,Introducing the model In the
wind tunnel or chanFinq the model attitude may cause
air-flow separation somewhere in the return pa~sagee
and change appreciably the air-flow conditions. Although
this condition is not properly a form of wake shadow, it
Is detected and corrected for In much the same manner as
wake shadow.

D?ZPAIL~ CALIBRATION AND CORRECTION METHODS

Calibration

Air-flow surveys.- The first step in the calibration
proc-eaureiS he measurement of the air-flow conditions

\ in the tunnel with the model renmved. For correction
method A outlined in the preceding section, the support

.

.—- . —.—
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struts must also be removed from the tumel. For correc-
tion method E, the support struts must remain In the
tunne1. The first source of inaccuracy of the second
system may be mentioned here. It is difficult to measure
the dynamic pressure near .andat the support system
because, in practice, part of the support system is
enclosed in the model and any changes in velocity caused
by these otherwise enclosed parts are thus errors.

The air-flow surveys should be nade over a plane
perpendicular to the air stream at the position to be
occupied by the wing of a model to be tested. Usually
this position is at, or very near, the support-strut
location. The survey should be made at various points
on a line across the tunnel at several heights to cover
all possible model variations. This original tunnel
survey should be made rather accurately and completely.
Unless some alterations are made to the tunnel or unless
some change in the air-flow conditions ha~ been indi-
cated, only occasional check surveys will be necessary.

The measurements over this survey plane may be made
with a combined pitch, yaw, and pltot-static tube and
with manometers measuring total pressure, static pres-
sure, and air-flow angularity with respect to the drag
axis of the balance system. Some details on the con-
struction and use of’these instruments can be found in
reference~ 6, 15, and 16. The measurements are made
for a constant reading h on the manometer connecting .
the two sets of stat?c orifices. These orifices are
static-pressureholes set into the walls of the tunnel
at two sections upstream of the model. The difference
in pressure between the two sets of orifices is a
function of the dynamic pressure. The static orifices
at each section should be connected in a symmetrical
manner to minimize the effect on the pressure readings
of any flow between the orifices caused by the model
pressure fi~ld or by a wake shadow. From the total
pressure and static pressure measured at each point in
the survey plane, the impact pressure may be obtained.
The measurements should be repeated several times to
improve the accuracy.

—. .-. . . .

The accurate measurement of the air-flow angularity
(or alinement angle) with the yaw head is probably the
most difficult part of the tunnel calibration. Most
yaw heads cannot be expected to measure angles to a
greater accuracy than 0.25° (reference 15). An error

.
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in the allnement angle of 0.25° will cause an error in
the drag results of 0.0044CL# which is excessiv& The
alinement angle at each section may be detemlned some-
what more accurately b

f
Use”of “afalred curve through a

8
rest many

I
olnts obta ned by repeating the tests. The

Ifficulty n obtaining more accurate readings is probably ‘
caused mainly by the lack of sufficient rigidity in the
nmunting support for the yaw head and by the errors made
in measuring the initial setting. The support should.
therefore be designed with the greatest care; a sup ort

!spanning the tunnel rather than a cantilever supper shmld
be used. Erect and inverted yaw-head tests with the same
mounting system are desirable. Because of the relatively
lar e inaccuracy of the yaw-head measurements, the allne-

!?men angles are generally determined from actual model
tests, as is shown later in the section ‘lAlinement-Angle
Corrections.~ The alinement angles measured by the yaw
head ma

T
still be of value, however, If the variation in

angular ty across the tunnel is greater than the accuracy
of measurement. The yaw-head measurements may be adjusted
to agree with the averaFe alinement angle as determined
from the model tests and the resulting variation may be
used to compute the alinement angle far each model,-as
wI1l be shown in detail.

The static pressure must be measured at a number of
points alo~ the longitudinal axis of the tunnel over
enough distance to Include the cotipletelength of any
model likel~ to be tested. If tne static pressure is not
constant a buoyancy correction to the drag will be neces-
aar .

t
Tfiemeasurements of the static-pressuregradient

mus be made very carefully. Rather long static-pressure
tubes have been found most satisfactory for this work. In

‘I
case, the static-pressure tube must be carefully

ca Ibrated.

The alinement angles should be meamared at various
locatlons behind the surve plane to detemlne any change
in alinement angle behind the wing that will necessitate
correction to the pitching moment as mentioned previously.

Turbulence measurement,- Although corrections are
usually not applied for air-stream turbulence, the value
of the turbulence should be known and can be measured
when the tunnel surveys are madeo The turbulence of the
wind tunnel may be determined by sphere testr, described
in reference 17, provided the tunnel is at least mod-
erately turbulent. If the tunnel is a low-turbulencewind
tunnel, it will be necessary to use hot-wire-anemometer
equipment (reference 18) to determine the turbulence
level of the air stream. The measurements should be
checked with eeveral instruments and should be made at

I —- .—.——
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several tunnel airspeeds bqoause the increased tunnel
and motor vibrations that accomp

Y
a“rlse in tunnel

speed often appreciably increase t e turbulence.

For an extremely low-turbulence tunnel with con-
ditions approachi

3
free-air condit~ons, the hot-wire

method becomes lna equate because various dlsturbtng
influences, such as the vibration of the wire, cause
readhgs to be hi her than those caused by turbulence.

fComparative turbu ence measurements in such cases may
be estimated from tests of low-dra airfoils that are

fvery sensitive to changes In turbu ence.

Corrections

Once the tunnel calibrations are completed, the
s ecific corrections affecting the aerodynamic coeffl-
?c ents may be computed.

Dynamlc-pressure factor.- In order to determine
the dynamic-pressure factor, the value of q measured
at each point on the surve

$
plane Is divided by the

etatic-orifice pre~sure dl rerence
of /h are plotted against

h and the values

! %
the distance across

the unnel in a spanwlse direc Ion. A curve drawn
through the points gives the dynamic-pressure variation
across the tunnel. The dynamic preesure for any given
model test is then equal to the static-orifice pressure
difference

J
s observed during the test times the average

value of h across the model span. A mechalcal
integration of the q/h curve can then be made across
the model span. ThuS ,

q ‘? rb” fl ‘y
(3)

~ -b/2

If the spanwise v riatlon of q/h 1s large, how- .-
ever the values of J h should be weighted according “
to Wi

Y
chord for tapered wing models to give a better

approx mation.

J

b/2

q ‘: (q/h)c dy (4)
-b/2

In order to detf=~ne the -act q~ it would be
necessary to weight the q/h variation according k.
to the spanwise lift distribution for the llft calcu- :9
lations and according to the spanwise drag distribution
for the drag calculations. This procedure obviously
involves an excessive amount of work with onl a small ,s’-

?increase in accuracy over that of equation (4 . ,

I
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1
If the method of tunnel operation Is such that It is .
possible.to maintain a given h during a test run,
this procedure may be reversed and the value of h to

- be used Ckn-be calculated for any desired q. Curves
may be lotted of q against h as found from equa-

?tion (4 for a wide range of model spans and plan forms
and the density of the manometer llquid should be taken
Into account.- Use of these curves wI1l save time, as
they make It unnecessary to compute q or h for each
test or each test point.

Corrections to the value of q for the effects of
wake blocking and displacement blocking must be made if
these effects are found to be appreciable. These cor-
rections depend upon the model configuration, however,
and are thus not concerned with the clear-tunnel cali-
bration.

At speeds In the compressible range, the impact
pressure H - p, determined from the air-flow surveys,
is larger than the true value of q. The corrected
q may be found from the relation

where

Fc=l+ ~~+&M4+...

(5)

(6)

In high-speed testing, the Mach number is of primary
Importance and should be known for all tests. The Mach
n~ber may be obtained from the equation.

If the tme velocity is desired for use In computing the
m. Reynolds number or-the advance-diameter ratio for power..J*
!:.. or propeller tests, the air density’during the test
R“ “ must be khown. ‘In qrder to calculate this density, It

s is necessary to know the temperature of the air in the-+. .
,’

.

L —— .— —. — .—.— . — ..
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test section. The ugual method is to measure the tem-
perature at the low-speed section ahead of the entrance
cone and to calculate the test-section temperature from
the equation

The correct denstty”is then

(8)

(9)

As the correct value of both q and p are now kown,
the velocity can be calculated. “The velocity may also
be computed from the formula

v= hfd~a (lo)

If the model is large and near the static orifices,
a further correction to q may be necessary to account
for the influence of the model pressure field on the
static pressure at the orlflces, The correction may
be calculated with satisfactory accuracy from the known
fields of flow around airfoils and streamline bodies in
wind tunnels and is generally fairly small.

Alinernent-anglecorrections.- The alinement angle,
obtained from he yaw-head surveys, is used in cor-
recting the angle of attack and the drag. The angle
used must be obtained from an integration (mathematical
or experimental) across the model span. As mentioned
previously, however, the angles obtained from the yaw-
head surveys are usually not accurate enough for use
when prec~se drag results are desired. For example,
consider a low-drag airfoil with a design lift coeffi-
cient of 0.4. An alinement-amgle error of O.1° causes
an error of 0QO07 in the minimum drag coefficient. A
more accurate alinement-angle correction, which may be
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ii

used only with correction method A, however, 1s usually
detetined from two tests on a model wing. Cne test Is “
made with the model mounted erect and the other test

h-
t..

tiltih--tih~model lnve-rted, ‘Fronrffgure 2(a)-and the tterl=
vation of equation (2), the correqt drag
for the erect model 1s

The signs of all coefficients and angles
respect to the tunnel. For the Inverted
the correct drag coefficient

CD = cDgl +

tioeffloient

(11)

are taken with
model (fig.2(b)),

(12)

for exce~t theIf all other effects have been accounted
allnement angle, the two drag coefficients must b& equal
at a given lift coefficient

but, according to the sign

Thus,

,

= CD + CL
% ‘E

convention,

= ‘CLSE

57.3

.

(13)

The dlffer~nce In drag between the value for the
model erect and the model inverted Is then plotted
against lift coefficient and the slope of a straight

—
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line faired through the points Is multiplied by 57.3/2
to obtain the average alinement angle fn degrees. The
accuracy of this procedure depends upon the fact that
all other effects have been correctly accounted for. It
is necessary therefore to account for the tares with the. . ulnrostprecision. In order to avoid actually determining
and applying the tare corrections, however, the tests for
both the erect and inverted models are made with an exact
set of image supports (fig. S) mounted on the opposite
side of the wing from the normal supports. Tks tares are
thus automatically accounted for by this test procedure.
It is also very important that the leakage effects around
the support strut or fairing be exactly reproduced in
the dummies. Teet~ in two dfl-ffer~nt~nd tunnels have
shown errars of as mush as CJ.25 :n the all.nementangle
due to ~ncorrect leaka~c reproduction. The average alfne-
ment an~le determined In this way will be weighted
according to the spanwlse load distribution as can be seen
from the followinG derivation:

At my section

The total-dra~ correction is then

b/2
AD =

f

Ectcq dy

-b}2

J
b/2

ACD = ~ Cctcq dy

-b/2

(14)

This correction is applied to the wind-tunnel data in
the form

ACD = C+Kcavw L ( 15)
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~“
where K Is the drag correction at zero llft and will
be zero if the wing has no aerodyna@c twist and the

‘“-’varlatloho-f C’ across the span is not--great.enough to-
result In an effective aerodynamic twist. If the
allnement angle varies appreciably across the model
span, the average value will thus be different for dif-
ferent wing configurations. .For this reason, alinement-
angle tests are frequently made individually for each
model tested. It la believed that the extra time
required with this procedure Is unnecessary and that the
accuracy may be Increased If a little more the and care
are taken In the original tunnel oalibratlon to determine

‘L. the alinement anple for different wing configurations.
Several wings, of different spans and plan forms and
preferably wfth transition fixed by means of transition
strips, should be tested with and without partial-span
flaps in order to determine the allnement-angle varia-
tion with wing configuration. Because the drag coeffi-
cients are compared at a constant lift for the erect and
Inverted model, the airfoil section used wI1l have no
effect on the results, unless the airfoil drag is
unusually sensitive to transition, surface roughnees,
and so forth. In this case, much more care is required
In the tests.

The alinement-angle measurements made with the yaw
head may now be checked by the use of cavw as deter-

mined from the force tests; that is, by use of the span
load distribution for the wings tested and the allnement- .
angle distributions from the yaw-head surveys, Cavw
may be calculated from equations (14) and (15). If the
yaw-head determinations are correct, the calculated
values of cavw will agree with the force-test results

within the required accuracy. If they do not, the values
of ~ at each point as detemined from the yaw head may
be raised or lowered slightly until the calculated and
measured values of cavw agree. This procedure is of

use only when the variation of c from point to point
across the tunnel Is greater than the accuracy of the
yaw-head readings. In such cases the yaw head will
generally give a smaller percentage error in the varia-
tion from point to point than in the absolute value at
each point.

— .—
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The allnement
angle of attack is

NACA ARR No. L4E31

angle to be used for correcting the
not quite the same as that to be used

to-correct the drag because different methods of averag~
the allnement angles should be used for the llft and “
for the drag. The error In using Cavw as the angle-

of-attack correction Is usually small, however, so that
the same angle may generally be used for correcting the
ar.gleof attack as is used for the drag.

For the correction method B, the alinement angle
to be used should be that with the supports in the
tunnel. It is customary to use the alinement angles
measured by the yaw head. In case accurate drag meas-
urements are desired at moderate or high lift coeffi-
cients, this procedure will probably not be sufficiently
accurate. A partial over-all check on the final accuracy
of this second procedure may be obtained by comparing
the ftial fully corrected data obtained from erect- and
Inverted-model tests of symmetrical wing models.

If any difference exists In the measured alfnement
angles at the positim of the wing and the tail, a cor-
rection must be made to the pitching noments of the modeL
Thus,

(16)

dCm
where

q
will depend upon the model configuration,

attitude, power condition, and so forth.

Tf the alinement-angle variation IS not symmetrical
about the tunnel center line, small rolling and yawing
moments will result and may be used as additional condi-
tions to be sati~fied. The rolling- and yawing-moment
corrections are usually rather small and af the same
sign for the erect-model and the inverted-model tests,
however, and thus are difficult to distinguish from the
effects of asymmetry”of the model.

The method of determining the weighted alinement
angle from force tests at large values of Mach number
below the critical ~peed is essentially the same as at
small values of Mach number, although extra care ~s
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required to mlnimlze Interference effects. At Mach
numbers at which the supports or parts of the model
near the supports have reached a..crlticalspeed, the
difficulties and uncertainties in obtaining tares
become excessive. No satisfactory technique for
obtainhg support tares at supercritlcal speeds has
yet been developed.

k Buoyancy correction.- An extensive theoretical
investigation of th fects of a static-pressure
gradient will be fo~d in references 2 and 3. Most
closed-throat wind tunnels are so designed that the
static pressure in the region to be occupied by a model
Is constant and no correction is required. If a
gradient does exist, the drag correction Is proportional
to the product of the gradient and the effective volume
of the body, and the proportionality factor depends on
the shape of the body. A good approximation to the cor-
rection for a three-dimensionalbody may be found from
the equation

‘CD =+1(“E”‘% ‘x (17)

~L.E.

A closer approximation may be found by multiplying the
correction as found from this equation by vf/v where
the effective volume vt is found by the methods pre-
sented in references 2 and 3.

Tares for correction method A.- The me%hod of
determining the tares will depend mainly upon the
physical lhitations of the tunnel. In fact, it is the
llmltatlons imposed by the tunnel on the method of meas-
uring tares that determine whether correction method A
or B can be used. In the following discussion the
supports on which.the model is mounted for the normal
test runs are called the normal supports and the sup-
ports on which the model Is mounted for tare tests are
called tare supports. In the usual procedure for tests,
the model is mounted on the tare supports and two tests
are run - one with dummy supports (representing the
normal supports) in place and one with the dummy sup-
ports removed. The difference In the measured data
between these two tests Is then taken to be equal to
the tare.
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Two possible ways are available for running the
testam The model may be mounted in the normal position
on an auxiliary tare-support system constructed to
measure all forces and moments; one test may be run
with the normal supports or dummy supports (exact
Images of the normal supports) in place and another with
the normal supports or duties removed. Another method
is to mount the model Snverted on an auxiliary tare
support or on the normal supports, which then become the
tare supp~rts fop the tare tests, with dummy supports
connected to the model for one test and removed for the
second test.

A basis for the discussion of tare-test procedure
will be provided by some general tare equations repre-
senting correction method A with all tests run with the
model !n the normal position. The derivation is some-
what arbitrary, especially with respect to the inter-
ference terms. The ma~n purpose of the equations,
however, is to show the inaccuracies and approximations
involved in the usual tare deteminatlons and to lndl-
cete method= of :r.pravir.gthe acc~macy. For this purpose
any of several ways 9? writing the equations will give
the same resultq.

The s~bols L and D refer to the equivalent
clear-tunnel lift and drag; that is, %(1 + 6~) is
the lift of the model mounted on the tare supports.
All the forces are red~:cedto coefficient form and a
clear-tunnel q is used for simplicity and clarity In
the derivation and suhsequmt discussion. Tt w1ll be
shown that the accuracy of the tare determinations may
be improved by some modifications to this procedure.
In the derivation presente~ only the equationg for the
drag coefficient are shown.

The derivations of the equatlon~ for the llft and
pitching-moment coefficients are similar to the derivat-
ion of the equation for the drag coefficient. The
equation for the lift coefficient will he the same as
that for the drag coefficient except that “CL and CD
are interchanged and the signs of the alinement-angle
terms are reversed. The alinement-angle terms are
ne~iigible, however, in the lfft-coefficient equation.
The pitching-moment-co.efficfl.enteq~tion wfll have the
sanieform as the d’rag-coefficientequation without the
alinement-angle terms.
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For”the derivation, the model is assumed to be”
mounted in the normal erect posltlon with the tare and
dummy supports located on the same surface of the model

i “(fig. 4), Tor actual test work the tare-support system

1

shown in figure 4(b) ma not be satisfactory because the
xInterference.effeots be ween the tare and dummy supports

may be excessive. The effect of the interference will
be shown by the equations. The tare-support system shown
is used for i.llustratlon,hawever, because It gives
stipler equations than for the case of the inverted modeL
The changes In the equations.requi.redfor the case~~ the .;
Inverted model (ftg. 5) will.be Indicated later.
signs “ofall forces and angle~e~r~~~:en with respect to
the tumel rather than the

?
From tests of the

model alone on tare support fig. 4(a)),

cm Sq = DM(l + 5T~ + @(l + 5M) + DI~ - (~ + A~T)CLISq

where

CD~Sq

CLISq

‘ DM(l + 6T)

DT(l + 6M)

%* “

drag scale reading, pounds

llft scale reading, pounds

model dra~ in presence of tare supports
but not Including changes in air-flow
angularity, transition, and so forth,
caused by tare support

tare-support drag In presence of.model but
not in~ludinq chan&es in air-flow angularity,
transition, and so forth,cauged by model

interference dra
!
of both model and tare

supports resul in
f
from mutual cha es in

3air-flow angulari y, transition, an so
forth.(Note that the word ~iint,erferencect
Is used here to denote any eff’~ctsobtained
in addition to the sum of the effects
obtained from the separate parts.)

Then,

CD1 =
%(1 + 5T) %(1 + %) ‘lMT

w + Sq
+ ~ - ( ,+ AtT)CL1 “(18)

From tests of model on tare support with dummy support
or normal support In place (fig. 4(b)),
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+ %(1 + 8~ (1 + @ , ‘1~(1 + 6T)

Sq Sq

(19)

The tare is taken as ~CD3= c% - CD1

ACDD= Cm [(1 + 6T) (1 + 6D) - (1 + 6T)]

[
+cq(l+6~(l+63)- (1 + m)]

+ CD
lTD (

(l+6M)-cC%- CLJ

- ACT(C% - CL1) - A~DC~ (20)

From the test of the madel on the normal support
(fig. 4(C)),

Drlfl+ 6J %(1 + 6~ ’17~
CD3 = ‘ Sq + .

Sq ‘~- (6 + ACN)CL3 (21)

—-
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If the dumuy supports are exact images of the
normal support (as they should be) or, better yet, if
the normal supports instead of dummies have been used,

- - all terms with”-subgc-rititN will be eaual to th_e
,
., corresponding terms wl~h subscript D.- The“i flcient corrected for the tare drag is CD3
i

“!-.. CD=C 1+5D)-(DM[ l+8T)(l+~)+(l+

model cokf-
- ACDD; then

‘T~

+C ~[~1 + 8M ) -(1 + 8M)(1 + ~T)] - CD1.6T

- CDlm% - CD
lTD ((l+6M)-~CI,3-C~+CL 1)

(
+ AET C% - CL,) - “D~Ls - c%)

or

CD = CD3 - AC
%

= CDM(l - 6~6~) - C%(1 + 6p@~ - C%(1 + 6~)6T

..-—

cD1~5T - CD1W6D - CDITD(l + %!)

— — .... .— ——

(22)

.—— .—-—— . ...—.
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If the tare determinations
mounted inverted, it is assumed
are In the same position in the

NACA ARR !?0.L4E31

are made with the model
that the tare supports
tunnel for these tests

as for the erect-model tests with the dummy supports on
the opposite surface of the model. (See fig. 5.) The
slpns of some of the terms are reversed for the tare
tests with the model inverted. In this case also, the
lift tare Is AC

%
= CL1 - c% instead of C

%
- CL1

as for the t~re tests with the model erect. In the
final lift equation all terms that arise because of the
presence of the tare support have the opposite sign
from that indicated in equation (22). For the drag
equation, the signs of some of the allnement-angle terms
are so reversed In the derivation that the equation will
be

CD = %3 - AC
%

= cD& - %%) - C%(l + %)*D - CD))(l+ 6M)6T

- CD1:~6T - CD1W6D - CDITD(l + 6M)

(23)

In equations (22) and (23) the quantities desired “
are CL = CL1l and CD = CDM - CCL. The CCL term is

the alinement-angle correction term. The rest of the
terms in the equations are quantities that must be deter-
mined in another manner or must be reduced to a negli-
gible amount in order that their effect may be neglected.

The alinemellt-anglecorrections to lift have
already been shown to be negligible. In all the equa-
tions for lift tares, the allnement-angle terms may
therefore be neglected. From an examination of the equaa
tions it can also be seen that if the tare tests (sub-
scripts 1 and 2) are reduced to coefficient form by the
use of a d~amlc pressure equal to q~l + 6T) obtained
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from an air-flow survey with the tare supports In place,
“allterms multiplied-by- 6T Fin the final,eq~tiOn Will

be ellmtnated. The factor 1 + ~ will affect some of
the other terms in the equation and the equation becomes

( )[8D
CJ’)=CDM- —

1+8T ( , ~ +C,,m]- (&&lTDl+ L+JC

(24)

with the same changes as previously noted for the tare
tests of the Inverted model. The factors 6T and 6D
will be of the order of 0.03 to 0.05 and all undesirable
terms now remalnln~ in the equation are second-order
effects except the

CDITD
term, which is small if the

tare and dumny supports are fairly far apart. Usually,
these terms are neglected but if greater accuracy is
required an estimate of their magnitude may be worth
while. The quantity 2cACM appearing in the equation

A
for the tare tests with the model inverted may be
accounted f~r by subtracting from the tare drag a
quantity equal to the tare lift times twice the clear-
tunnel alinement angle. The quantity (1+ ~~l)c~+ cD1l~

can be measured by mounting the model by means of some
other system, such as wires or cables, in the usual
position with relation to the tare supports but not
connected to them. Measurement of the forces on the
tare supports will in this case include the interference
of the model on the supports. The main part of the
interference of the supports on the model is included
in the terms 1 + ~T and A% appearing in the equa-
tions. If this method is not available, the quantity
(1 + ~M~C~ + cD1~ may be approximated. Measurement

of the forces on the tare support albne with the part of
the support to be enclosed in the model well faired will
give Cm. The factor 6M can be estimated from
pressure-distribution curves for the region where the
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.

supports are attached to the model. The quantity CD
1~

is more difficult to estimate.

The factor 6D may be found quite easily by a com-
parison of’the dynamic-pressure surveys made for the
clear tunnel and the supports-in-place condition. The
quantttles AcTAC

%
and ACEAC% along with the inter-

ference factor
C%TD

are mutual interference effects

between the two set~ of supports that must be determined
or elir,lnated. In mort casee, the errors caused by
neglecting the Interference effects wj.11be within the
accuracy of measurenerlt. Fcr example, when a vnlue of
tare lift equal to 0.02 (fig. 1) Is used, a change of
allnem.entangle of 0.3° at the w:ng lifting llne would
cause the increment o-fdrag coefficient from the
A6TAC~ term in the preceding oquatfons to be appraxl-

-’D
mately O.COCl. The ACDAC% term should be of the

same order of ma.gnltude. An examination of the available
alr-.flowsurveys !ndicates that the main change caused
by the support struts is a curvature of the air flow
over the supports with little change in the average
angle acros~ the wing span - that 1s, the average change
in alinement a@e Ls probably much less than 0.3C.

The equipment and methods used in making the tare
tests sh~uld be de~i~ned to eliminate or minimize the
Interference between the two sets O: supports. The
Interference effects may be minimized by using tare and .
dummy supports that are located as far as possible from
each other on the madel. When the two set~ of supports
are located on opposite surfaces of the airfoil at the
same spanwise station, it can be shown that the induced-
drag part of the tares may occur as a double error In
the results rather than dl~appearing as m?gkt be expected.
It should also be remembered that the quantities
AETAC1,D and AC@CM actually represent a sparm-ise

integration of the values at each section. The rain part
of the changes in alinement anqle ACT and Ac~ will
occur ~.nthe viclr.ityof the tare and dummy supports,
respectively. Tbe farther apart the two sets of supports
are located the smaller are the terms AETACLD and

AC$CIT. ‘3everalpos~lble ways of mounting two ~ets of
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supports to reduce the mutual Interference effects are
shown In figure 6.

a. . . .

Fr m’aero~~~c’cona~dekat’ions & wire au p-ort
?system fl .

1!
E6) satlsfles rather well.most of t e

requirements for a
f
ood tare-support system. Wire

%wpports cause lltt e change in air-flow angularlt and
little change in dynamic pressure. rSeveral object ons
to a wire support system are evident: Not all tunnel-
balance framss are so constructed that the wire system
ma be used; the wires must be preloaded the same for

tbo h tare tes~s in arder to eliminate changes in wire
drag due to changes in wire tension; the lar e drag of
the wires decreases the accuracy of determinf

T
the tare

dra ●

!
and the installation of a model with a w re balance

Is Ifficult. In addition, the wire mpport system will
probably have a low critical speed and cannot be used
when hi~h Mack.numbers are required. The support system
shown in the center of figure 6 will probably also be
unsatt~faztory from a cam ressibility stand oint.

! %
It has

been found that the wing- ip supports must e designed to
avoid appreciable lift tares; that is, the cross section
must be circular or some similar shape. The critical

F
s eed of such a strut would then be low. If the two sets
o supports are placed at a distance from each other, it
can be assumed that, for all practical purposes, their
mutual interference effects will be negligible. For tare
determinations of complete models mounted on a single
strut at the fuselage or for stability and control tests
in which the absolute drag Is not of prime im ortance,

fthe method of mounting tinemodel inverted on he normal
support for tare tests is satisfactory. An additional

t
oint with re ard to tare tests is the important effect

fhat may resu t from w.y open slots on the suction side
of the win~ at the point ~f attachment of the tare
supports. Experience has shown that any such slots
should be sealed and faired smooth.

If the tare and dumm su ports must be placed close
together as in figure 3, ~he?nterference terms A~*ACL=,

A@AC~, and CDITD may be determined by the use of a

third set of supports in conjunction with the usual tare
and dummy supports. If this procedure is followed,
results from three instead of two tests will be available
for determining tares in order that the interference
effects may be found. The use of this procedure would
probably not be justified, however, unless the tares are
very large or unless the interference effects are
expected to be appreciable.

Tares for correction method B.- For correction
method B, the original air-flow survey is made with the

——,,, ,
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normal support in
%
lace and Includes the effect of the

supports on q an 6. The tares should therefore
not include any changes in q and c caused by the
supports. The tares in this case are then defined as
the direct air forces on the supports plus the inter-
ference of the model on the supports plus any local
effects of the supports on the model not included In
the air-flow survey, such as transition changes or
separation effects on airfoils at the point of attach-
ment of ,thesuppart Go the model.

The direct air forces on the supports and the inter-
ference df the model on the supports can be measured by
mounting the model.Independently of the balance by means
of cables and measuring the forces on the balance. In
order to measure the effecte of the supports on transi-
tion and reparation changes on the airfoil, It i? neces-
sary to have a set of dummy eupports. The model Is
placed on the tare supports or normal supports and the
dummies are placed close to, but not in contact with,
the model. The difference between this test and one
without the dumm~es gives the interference effect of
the dummies. An example of this procedure In use In
the Langley full-scale tunnel Is shown In reference 19.

The foregoing procedure is subject to several
inaccuracies. Any dummy supports placed near the model
cause changes in q and c over the model. The eff’ect
of these changes will then be included in the tares>
The tunnel surveys far the correction method E, however,
already include the effect of the supports on q and 6.
Part of the effects of the supports 1s thus apparently
accmnted for twice. The errors caused by this condi-
tion may be minimized by reproducing In the dummies
only that part of the supports near the model.

In the correction method B the dynamic pressure
obtained from the air-flow survey with the normal supports
in place is used for computing the coefficients for all
tests. By means of equations similar to equations (18)
to (24) it can be shown that in method J?the error in
determ~ning the tares wI1l be 8~ times the total forces
rather than 6D times the forces on the ture support as
for the correction meijhodA, In order to correct for
this factor, it would be necessary to have a clear-tunnel
air-flow survey to determine ~D. On the whole, it
appears that the correction method B will seldom be as
accurate as method A and should be used only when it is
the only reasonable procedure available.
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Wake aha@w. - Aa stated previously, the wake
-. shadow may cause changes.in..total.head,.stitlc=yres.sqre....

gradient, dynamic pressure, alinemeritangle, and turbu-
lence. The existence of a wake shadow may be determined
quite easily from total-pressure surveys made at some
section of the tunnel ahead of the model and compared
with total-pressure surveys at the same section with no
~del In the tunnel. The survey should be made over the
entire tunnel section at the survey plane, especially
near the static orifices in case the wake is deflected
from the center of the tunnel.

It would ~eem t-t no exact solution of’ the prob.
lems of wake shadow is possible. One method of esti-
mating the value of q when wake-shadow blocking Is
present is that used at the Lan@ey full-scale tumel.
This tunnel is of the open-throat type and It has been
found that the static pressure at the model position
with only the support struts in the tunnel Is equal to
the pressure in the test chamber. For any particular
model the total pressure over a plane somewhat ahead
of the model and the static pregsure in the test
chamber are measured. The average value of q may
then be found f’roman integration across the model span

This method does not appear to be readily or accurately
applicable to closed-throat tunnels.

As previously suggested, no satisfactory experi-
mental technique has yet been developed for measuring
all the effects of a wake shadow. If difficulties
resulting from wake shadow are found to exist in a
wind tunnel, the best procedure would probably be to
modify the tunnel by addinflscreens or diffuser vanes
in su;h a way that

The preceding
corrections to the
dynamic forces and

the wak; shadow would be eliminated.

Wake Survey Tests

discussion has been concerned with
results of tests in which the aero-
moments are measured by means of
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the balance system on Whtch the model Is mounted. In
order to determine the variation of the profile drag
along the wing span, wake survey tests are often made.
These surveys have also been used to determine the com-
bined drag tares and buoyancy corrections for some
models (reference 20). This method of testing requires
considerably more time than force tests but is the
only way of determining the variation of profile drag
across the wing span.

.
For the wake surveys, the effect of the supports is

accounted for by computing coefficients by use of a
dynamic pressure determined for the air-flow surveys made
with the supports In the tunnel. The actual q at each
point along the span rather than the average value of q
must be used for determining the local profile-drag coef-
ficients. Of course, corrections for compressibility,
wake shadow, displacement blocklng, and so forth, must
be made as for the force tests, but jet-boundary and
alinement-angle corrections to the drag are unnecessary.
Jet-boundary and alinement-angle corrections are applied
to the angle of attack.

The total profile-drag coefficient 19 obtained by
a summation of the section profile drag measured along
the sgan.

(25)

?{easurementsmade at or near the supports will
include the profile drag of the supports. The drag of
the supports Is eliminated by plottinp the values of
c~cq across the span and fairing a smooth curve

througlhthe pclnts, the values measured near the supports
being ignored. The integration indicated in equation (25)
is then performed for the faired curve.

It is suggested that wake-survey measurements may
be used to check the accuracy of the over-all correc-
tions to the drag - that is, force tests are made with
all.necessary corrections applied. The induced drag
is then accurately calculated and subtracted from
these results to give the profile drag. If’the

“\
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correotlons applied are accurate, this profile drag
should.check that determined from wake surveys across

- the ent$re wing. - Thfs”procedume-.wouldalso..beexpec.tad
to be most reliable at low.llft ooefficletntsbecause
it depends upon the accurate calculation of the Induced
drag. At high lift coeffiolents, an additional source
of Inaccuracy is the difficulty of.makhg prof%le-drag .
measurements In the region of the airfoil tip.

EXAMPLES OF CURRENT PRACTICE

Langley 19-foot pressure tunnel.- The calibration
and correction m?ocedure used in the La~lev 19-foot
pressure tunnel-follows closely the proc~du~e outlined
as correction method A. Tare tests are made with the
model mounted lnv~rted, the normal supports used as
tare supports, and a set of exact-image dummy supports
mounted on the opposite eide of the model.

Inasmuch as the static-pressure gradient at the
position of the model Is essentially zero, no buoyancy
corrections are necessary. Total-pressure surveys
ahead of a typical model failed to disclose any evidence
of a wake shadow. The empirical formula given previously

1++ is used to correct the dynamic pressure for
displacement blocking.

The tunnel-wall-interferencecorrections are applied
as the first corrections after the data are reduced to
coefficient form and before any other corrections are
applied. This procedure is used for all test runs,
including tare tests.

~ley 7- by 10-foot tunnel.- In the Langley 7- by
10-foot tunnel. correction method A is used and the
order of apply& the corrections Is the same as that
given In the discussion. This tunnel is a low-speed
high-turbulence tunnel used chiefly for stabillty and
control tests; thergfore, most of the refinements
suggested in the preceding discussion, particularly for
precise drag determinations, are unnecessary.

Models In this tunnel are mounted on a single sup-
port strut, which is sealed as it passes through the
bottom of the tunnel. Tares are determined by mounting
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the model inverted on this normal support strut and
using a dummy strut that is an image of the lower
strut. It is unnecessary to convert the tares to
coefficient form before their application to the model
data because a constant predetermined dynamic pressure
can be maintained. Tare moments must, however, be
transferred through the model before they are applied.

Alinement-angle tests are not run for each model
but are run with two standard wings of different spans
and checked occasionally. Because the variation In c
across the tunnel is not enough to show any difference
for the two standard wings, the weighting procedure
for different wing

B
lan forms is not necessary. Changes

of the order of 0.2 In the alinement angle have been
noted over a period of eeveral years. The necessity of
periodic check tests is thus Indicated. The accuracy
of the drag balance makes possible the determination of
the alinement angle to wlthln about 0.05°. The impor-
tance of exactly reproducing the tunnel leakage condi-
tions for allnement-angle and tare tests was demonstrated
in the Langley 7- by 10-feat tunnel when alinement-angle
tests were run after a new streamline falring had been
added to the support strut. Tests made with the lower
end of the strut having about a ~-inch’annular gap but

with the dumny sealed showed an allnement angle of
O.1O. When the gap was completely sealed, the alinement
angle was changed to -O.1O.

In the regian occupied by the model the etatic-
pressure gradient is substantially zero and no buc.yancy
correction is necessary.

Because relatively large models are often tested
in such tunnels, a rather extensive investigation of the
tunnel-wall interference has been conducted for 7- by
10-foot tunnels. The numerical results for tunnels of
this size as well as general methods applicable to all
tunnels will be found in references 8, 9, and 10.

.- The large size and the
open l-scale tumel have rnadethe

supports difficult.
For this tunnel, therefore, correction method B is used.
All tests!are computed from air-flow surveys made with
the support struts In place. The alinement angle used

1
1
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in correcting the data is that obtained from the yaw-
head surveys with supports $n plaoe.

.“ -,. ,.. ..,, ,.. . . . . . . .-. ,
..- m L., . . . . . . ---- -

Several methods are used for determining tares.
One method used is that .desorlbedpreviously for
correction method B, In which the tares are determined-
In two parts (reference 19). Another method used fre- ,
quently at present for measuring drag tares Is the
wake-survey method. The normal support struts in this
tunnel are usually attached to the under surface of the
wing. wake-survey measurements of the profile drag are
made at a number of spanwlse stations and very .mnall
intervals are used near the support-strut location. A
smooth curve is obtained for the variation of profile
drag along the wing at some distance from the support.
As the support is approached, the drag rises considerably.
It Is assumed that the wing profile drag will show a
unifoti variation; therefore, a curve is arbitrarily
faired, and those points near the support are neglected.
The integrated difference between this curve and that
drawn through the measured values of profile drag gives
the tare.

It is in the Langley full-scale tunnel that the
problems of the wake shadow have probably been investi-
gated most extensively. The existence of the wake shadow
was discovered during tests to check some calculated jet-
boundary corrections (reference 4). Its effects were
investigated on a full-size airplane by mea~uring the
dynamic pressure and static pressure at several points
near the airplane in flight and then in the tunnel. A
comparison of the results showed a decrease of about
6 percent in the av~rage dynadc pressure around the
airplane when placed in the tunnel. In addition, the
static-pressure gradient was altered In such a way as
to cause an Increase in drag of about 5 percent of the
minimum drag when the airplane was placed in the tunnel.
These figures were obtained for a biplane that was
rather unclean aerodynamically. For airplanes of modern
design the effects of wake blocking are considerably
smaller. For plain airfoils, for which no flight tests
were available, it was necessary to make a theoretical
estimate of the undisturbed field around the ai.rfoll.
The effects of the”airfoil field of flow were then sub-
tracted from the measured total pressure, dynamic
pressure, and static pressure at a point ahead of the
airfoil to obtain the corrected values.
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The correction for wake blockin~ Is

<
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now obtained bv
measuring the total pressure @cad o? a model and the “
static pressure In the test chamber, which Is equal to
the static pressure at the model posltlon, and applying
Bernoulli~s theorem to obtain the free-stream dynamic
pressure.

Buoyancy corrections are not necessary for plain-
wing models mounted In the usual position. If the
model to be tested has a fuselage, however, buoyancy
corrections are required.

Measurements have shown that the effect of the
exit cone of this tunnel on the air flow behind a model
Is of approximately the same ma.qnltudeas and of
opposite sign from that due-to jet-boundary interference.
The pitching-moment corrections that are required to
account for the jet-boundary interference are thus
usually negligible.

CONCLIJDINGREMARKS

Detailed methods have been presented for determining,
to a high degree of accuracy, khe corrections to wlnd-
tunnel tests of three-dimensionalmodels for the effects
of the model-support system,,the nonuniform air flow in
the tunnel, and the tunnel walls or jet boundaries. It
should be remembered, however, that the most reliable
results are generally obtained in that condition for
which the required corrections are the smallest. If,
during the air-flow surveys and alinement-angle tests,
any marked Irregularity is evident in the air stream,
the best procedure would probably be to modify the wind
tunnel to eliminate the necessity of large corrections
to the measured data. Screens and deflector vanes
properly located can be used to adjust the air-flow
conditions to obtain more uniform flow or to eliminate
any serious effects of wake shadow. !3eallngthe support
struts and fair~.ngsand any other openings In the tunnel
will help to eliminate some of the uncertainty in deter-
r.lnlngtare, alinement-angle, and static-pressure-
gradient corrections. Careful design of the support
struts and their means of attachment to the model will
minimize the tare corrections.

I
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The accuracy t~ which the corrections must be deter-
,mined,and the,.time.to.be spgnt in calibrating the tunnel
must ultimately be decided by”the-tunnel’o-perat-orfrom
conslderatlons”of the purpose for which the tests are
behg conducted, the preolslon required in the final
results, and the time available for determining and
applying the corrections.

Langley Memorial Aeronautical Laboratory
National Advisory Committee for Aeronautics

Langley Field, Va.
I
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(a) Model on tare support. (b)Model on tare support wkh ckmn~ (c) Model on normal supports.

support5 h phz.

RmLUAWnxm
COMMITIE FOR~

,

Fiqufe 4.- Test setups for tare tests run wkh model in the erect position.. :
,,

‘%1
1-

m
●

*



‘%
E-
m
.
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(c) Model on normal supports.
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